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Introduction
A multi-ligand strategy in the synthesis of coordination polymers naturally leads to greater structural diversity than for single ligand materials, and allows introduction of more than one type of chemical functionality; this is therefore a powerful way to discover new materials that may present new structures and properties that are tuned for desired applications. 1 Such multicomponent, or multivariate materials, can either be considered solid-solutions of end members, each representing a single-ligand MOF, 2 or may have novel structures based on a unique combination of distinct ligands. In the case of porous metal-organic frameworks their adsorption properties are of interest and multi-ligand synthesis has recently allowed access to some striking new families of materials: for example, Yaghi and co-workers have shown enhanced CO capture in a multivariate version of MOF-5 compared to its single ligand equivalents, 3 while several groups have shown how the inclusion of moderating, non-bridging ligands allows the porosity of certain MOFs to be tuned, leading to the idea of a defective linker strategy for controlled porosity. 4, 5, 6, 7 In the cases where two distinct ligand types are used, novel framework architectures can be produced: for example, Hupp and co-workers combined carboxylates with pyridines to form unique structures where the robust carboxylate linkers stabilise pyridine-linked metals against structural collapse, to give materials with permanent porosity and redox activity. 8 Ligands containing pyridine-N-oxide functionalities are known from classical coordination chemistry to coordinate to a variety of metals through oxygen, 9 and have been used recently to form some interesting coordination polymers. For example, Sharma et al.,
have prepared a range of coordination polymers for diverse metals using pyridine-N-oxides in combination with various metals and carboxylate ligands: this includes infinite Mn(II) chains connected by oxygen coordinated µ 2 -pyridine-N-oxide and with monodentate carboxylate ligands, 10 infinite chain structures of Pb(II), 11 a set of materials based on Group 12 metals, 12 and lanthanide materials which show different binding modes for the pyridine-N-oxide. 13, 14 In this paper we consider the synthesis of coordination polymers constructed from a combination of one of the simplest, and most widely used, bridging dicarboxylates, 1,4-benzene dicarboxylate (BDC) with bidentate ligands containing pyridine-N-oxide functionalities. Our work has been inspired by that of Xu et al., 15 who used pyridine-N-oxides with 1,4-benzene dicarboxylate and Mn 2+ to form analogues of the well-known framework MIL-53, in which infinite chains of octahedral metal centres, linked by trans corner-sharing, form a flexible porous structure by virtue of the cross linking 1,4-benzene dicarboxylates. When pyridine-N-oxide is used as a co-ligand in this system its oxygen provides the µ 2 link between adjacent divalent metals (rather than the anionic hydroxide or fluoride in the parent MIL-53 structure that includes trivalent metals 16 ) and the pyridine rings fill the pore volume. We extended the work to include the metals Co 2+ and Ni 2+ (and mixtures of these metals), 17 and in the case of Co 2+ showed that by adding substituents to the pyridine ring of pyridine-N-oxide, the framework structure could be distorted with retention of the overall topology, by virtue of the steric requirements of the substituent. 18 Xu et al. also used 4,4'-dipyridyl-N,N'-dioxide, itself a bridging bidentate ligand, in combination with 1,4-benzene dicarboxylate to produce a novel MIL-53-like structure in which the bidentate co-ligand was arranged parallel to the dicarboxylate rings so to maintain porosity in an expanded, permanently porous structure. 15 In the present work we have selected the ligands, 2,2'-dipyridyl-N-oxide (DPNO) and 2,2'-dipyridyl-N,N'-dioxide (DPNDO), Figure 1 , and investigated their use in combination with the widely used 1,4-benzenedicarboxylate ligand for the crystallisation of coordination polymers. These bidentate pyridine-N-oxides have previously received little attention for the formation of coordination polymers: to our knowledge, only the latter has been used in the to be X-ray sensitive, which may be related to the ease of collapse of the structure upon desolvation (see below), and its structure could only be determined at 100 K.
Page 5 of 33

ACS Paragon Plus Environment
Crystal Growth & Design   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Co 2 (BDC) 2 (DPNDO) was much more robust and was studied both at room temperature and as a methanol exchanged form (produced by soaking the crystals in methanol for at least 3 days)
at 150 K to prevent subsequent methanol loss. Structure determination details and crystallographic data are shown in Table 1 .
Powder X-ray diffraction (Siemens D5000 operating with Cu Kα 1/2 radiation) was measured at room temperature from samples of both Co 2+ materials, and the magnesium material. In situ powder X-ray diffraction with heating (Bruker D8 operating with Cu Kα 1/2 radiation and an Anton Parr HTK900 sample chamber) was recorded from samples of 4 , N 2 and C 2 H 6 using an in-house built high-throughput instrument at Aix-Marseille University. 25 In this apparatus gas adsorption is measured via a manometric gas dosing system on six samples in parallel. interactions included both an LJ and electrostatic component. All sorbate molecules were considered to be rigid. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 is coordinated by six oxygens: an equatorial plane made up of four oxygens from four distinct BDC ligands, each of which uses the second oxygen of the carboxylate group to bridge to one of two of the neighbouring terminal octahedra, and two axial oxygens from the oxygens of the pyridine-N-oxide functionality of the co-ligand, which form the corner-shared oxygens with the terminal Co centres. Each of the terminal cobalts in each trimer has its coordination completed by a coordinated nitrogen atom of the DPNO and two oxygens of a further, unique BDC that bind through one carboxylate to form an edge of the octahedron. tetracarboxylate. 45 Other MOFs containing octahedral Mg 2+ 46 and In 3+ 47 with the same chain connectivity have also been described. Powder X-ray diffraction of the two cobalt materials similarly proved the phase purity of the samples, by comparison with the simulated pattern from the single crystal structures (Supporting Information). In the case of Co 3 (BDC) 3 (DPNO) 2 only a short data collection was possible as the material rapidly changed colour from pink to brown with loss of crystallinity;
Results and Discussion
Crystal structures
given the instability of this material it was not studied any further. The magnesium material Mg 2 (BDC) 2 (DPNDO) never formed crystals suitable for single X-ray diffraction, but powder Xray diffraction was used to prove that it is isostructural with the cobalt analogue (Supporting 
Thermal stability of Co 2 (BDC) 2 (DPNDO) and Mg 2 (BDC) 2 (DPNDO)
Thermogravimetric analysis of Co 2 (BDC) 2 (DPNDO) freshly prepared shows some initial mass losses below 400 °C, Figure 5 , before final collapse of the materials with complete combustion present. The fact that after washing the sample the methanol is lost in one step at low temperature corroborates the conclusion that the two-step mass loss seen for the as-made material is due to more than one adsorbed species, and the H 2 BDC is removed by methanol washing. The methanol-washed sample of Mg 2 (BDC) 2 (DPNDO) shows similar behaviour with first loss of at least 2 equivalents of methanol (and/or water) (expected 10.18 % for 2 methanol, observed 14.48 %) followed by combustion to MgO occurring at just above 400 °C (Supporting Information).
Thermodiffraction of Co 2 (BDC) 2 (DPNDO), Figure 6 shows abrupt loss of crystallinity at 300 °C that would correspond to the collapse of the framework and linker combustion seen by TGA (note the different heating rate between the two experiments and the dwell time needed for the XRD means that the precise temperature of collapse may not be directly comparable).
The change in intensity of the low angle peaks at the early stages of heating would be thermally induced flexibility in the structure from room temperature up to the point of collapse.
Gas adsorption
The simulated pore size distribution of the Co 2 (BDC) 2 (DPNDO) structure (Supporting Information) indicates that its porosity may be considered to be a channel consisting of a series of small voids (4.9 Å in diameter) which are connected by smaller windows (3.8 Å in diameter), 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 is consistent with its lower formula weight. The hysteresis observed in the nitrogen adsorptiondesorption isotherms, although small, is reproducible and does not change on repeated measurements, suggesting it is a real effect and not due to structural collapse. This is supported by powder X-ray diffraction measured after the adsorption-desorption (Supporting Information), and also simulations (see below) that replicate the hysteretic behavior.
At 303 K, the adsorption of CO 2 , CH 4 and 0.5-1 mmol.g -1 for N 2 ). 50 The shape of the adsorption isotherms is indicative of a microporous adsorbent. At low pressure (up to 3 bar), the filling of the pores leads to a relatively strong adsorption, followed by a plateau relative to the saturation of the microporous volume. The CO 2 adsorption is easily reversible: an evacuation step at 30°C is sufficient to regenerate fully the sample and a second adsorption cycle is essentially the same as the first.
Interestingly, and unlike CO 2 and CH 4 , with C 2 H 6 an amount of adsorbed molecules could not be removed by simple vacuum at 30°C; this suggests a rather different interaction with this adsorbate (see below for further discussion of this when simulations are considered).
Two adsorption sites were identified in gas adsorption simulations for .
These results indicate that the pocket sites are almost completely inaccessible to nitrogen at 77 K.
In the case of CH 4 and CO 2 adsorption at room temperature, reasonable agreement with experiment is obtained when both types of site are considered (Figure 8 ). For the nonpolar but comparatively small methane molecule, simulations over-predict methane uptake suggesting that the pocket sites are less accessible in reality than in simulation. In the case of CO 2 , simulations are able to capture the low pressure behaviour well but under-predict the saturation capacity. While the simulated isotherm is clearly Type I with a well-defined saturation capacity (4.0 mmol g -1 ), the experimental CO 2 isotherm does not achieve saturation and it is possible that this is a result of the pocket sites becoming more accessible due to further distortion of the DPNDO linkers induced by a strong interaction between the polar CO 2 molecule and the MOF. This motion, and associated slight increase in accessible pore volume, is not accounted for in the GCMC simulations, which assume a completely rigid MOF.
Ethane is the largest of the guest molecules we have studied and comparatively poor agreement between simulation and experiment is observed for its adsorption isotherms at room temperature ( Figure 8) . At low pressure, the simulated uptake is much higher than observed in experiment. In simulation, the enhanced low pressure uptake at low pressure is driven primarily by adsorption in the relatively high-energy pocket sites and the comparatively low experimental uptake over the same pressure range indicates that these sites are initially inaccessible to ethane. The same pocket sites were accessible to CO 2 at low pressure, however, most likely a result of the increased polarity of CO 2 coupled with C 2 H 6 having a larger critical molecular dimension. As the partial pressure of C 2 H 6 is increased, the framework is distorted sufficiently to enable adsorption in these sites and a steady increase in ethane uptake is observed. As for CO 2 , a Type I isotherm was not recovered experimentally and it appears that further distortion 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of the framework enables more ethane to be adsorbed than predicted by the simulations, in which the MOF was assumed to be completely rigid. Figure 9 shows thermogravimetric/DSC data recorded on pre-washed samples of the two materials as methanol is introduced. As shown by the TGA above, heating to 200 °C is enough to remove the already adsorbed methanol. After cooling to room temperature and exposure to a stream of methanol-saturated nitrogen both materials rapidly adsorb methanol to give almost the same mass as their initial state (note it is probable that the initial materials also had some surface-adsorbed methanol and/or water). This mass loss and gain in these experiments of ~10 %, corresponds to 2 methanols per M 2 (BDC) 2 (DPNDO) formula unit (expected 9.17 % and 10.18 % for M = Co and Mg, respectively). Adsorption of methanol has a similar heat flow for both the Co and Mg materials; this is not unexpected since there are no open metal sites and the guest is being adsorbed into the pores with, presumably, the same guest-guest hydrogenbonded interactions in each case. Note also the smaller event prior to methanol uptake and at the end of the experiment after release of methanol: this corresponds to a small uptake of water from the nitrogen carrier gas. The reversible uptake of methanol by microporous solids is of interest due to potential applications in low temperature heat transformation applications, 51 and although the mass uptake of methanol by Mg 2 (BDC) 2 (DPNDO) is moderate at ~ 0.1 g g -1
Methanol uptake by Co 2 (BDC) 2 (DPNDO) and Mg 2 (BDC) 2 (DPNDO)
, this was measured at ambient temperature and pressure so further investigation may be of interest.
Simulations suggest an uptake of methanol of ~ 15 wt% in Co 2 (BDC) 2 (DPNDO) at room temperature, assuming a rigid MOF (Supporting Information), which corresponds to just under 6 molecules per unit cell. The same is true at 150 K (the capacity is unchanged, but the adsorption takes place at a much lower pressure). Thus the simulations over-predict the low temperature adsorption (the low temperature XRD of the methanol loaded structure showed 4 molecules per unit cell) but slightly over-predict capacity at room temperature. This supports the theory that there is some movement of the linker which affects the accessibility of the pocket 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sites to small molecules. In the light of the thermodiffraction results given above, this structural flexibility is likely to be in response to the guest molecule, rather than solely thermally induced. ), which is a thermally robust structure from which residual solvent can be extracted to yield a microporous solid. The MOF thus produced shows moderate uptake of nitrogen, carbon dioxide and methane, but with no obvious selectivity towards any of these components. The measured gas adsorption isotherms are successfully simulated for these molecules assuming a rigid MOF structure, but in the case of the larger guest molecules ethane and methanol the measured adsorption isotherms are less well replicated. This suggests a more complex interaction between certain adsorbates and the MOF, which may involve guest and/or temperature induced flexibility. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 For 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Conclusions
